Background: The risk of radiation-induced benign and malignant thyroid nodules is well known. Objective: The aim of this study was to determine the occurrence of thyroid nodules and carcinomas after fractionated total body irradiation (TBI) preceding hematopoietic stem cell transplantation (HSCT) for malignant hematological disease during childhood. Methods: We conducted a retrospective university hospital-based observational study. The participants were 76 patients receiving fractionated TBI between 1989 and 2009 as part of the conditioning regimen for HSCT to treat malignant hematological disease, with a median age of 8.2 (5.7-11.4) years, for whom the last ultrasound examination was performed at a median age of 14.2 (11.2-17) years. The main outcome measure was cumulative incidence of thyroid nodules detected by ultrasound scans followed by biopsy if necessary. Results: Thyroid nodules were examined in 21 (28%) patients, six (29%) of whom were diagnosed with thyroid carcinoma at the age of 2.2-18.6 years after TBI. The cumulative incidence of nodule occurrence increased with increasing time from diagnosis. The 10-year cumulative incidence of benign and malignant thyroid nodules was 16% (95% confidence interval (CI) 4-27%) and 8% (95% CI 0-16%) respectively. Seventeen (22%) patients had hypothyroidism (compensated nZ12, in five patients it was transient). No significant independent risk factors were identified in the multivariable competing risk model as a function of nodule occurrence. Conclusion: Short-term and life-long monitoring, with screening for nodules of the thyroid gland using ultrasound scans, is recommended for survivors subjected to TBI for HSCT during childhood.
Introduction
The thyroid gland is susceptible to irradiation, and exposure to radiation in childhood increases the risk of both benign and malignant thyroid nodules (1, 2, 3, 4, 5) . Studies on patients receiving irradiation treatment for various cancers have reported a high frequency of benign and malignant thyroid nodules. The reported relative risks for thyroid nodules among the survivors of pediatric cancers who have undergone radiation therapy vary greatly, with an incidence of malignancy of 10-40% (6, 7, 8, 9, 10, 11, 12, 13) . Analysis of studies evaluating thyroid carcinoma after exposure to external radiation during childhood showed that the dose-response relationship was linear, although the risk appeared to plateau at the highest dose, with risk appearing to slightly decrease at doses of even more than 2000 cGy (9, 11, 13, 14, 15, 16) . Age at irradiation, sex, and duration of follow-up have also been identified as determinants influencing the risk of thyroid tumors. Most of these studies included patients with Hodgkin disease and non-Hodgkin lymphoma or patients treated by cranial and craniospinal radiotherapy for acute lymphoblastic leukemia (17, 18, 19, 20) . However, the risk of malignancy following radiation exposure seems to depend not only on the dose of radiation administered but also on the type of the first cancer, the type of chemotherapy used, and the resulting immunodeficiency and/or associated autoimmune disorders (16, 21) . Only a few studies have investigated survivors who received total body irradiation (TBI) for hematopoietic stem cell transplantation (HSCT). These studies included patients receiving various type of TBI according to various schedules, as a single dose or fractionated, with a total dose of 990-1200 cGy; some of these patients also received cranial radiation as a first-line treatment for various hematological and oncological diseases (22, 23, 24, 25, 26, 27) . Moreover, the method of screening differed between studies, with some studies using more sensitive methods than others. Physical examination is not a reliable method for detecting thyroid nodules, and ultrasound scans are generally required for thyroid nodule screening (28) followed by fine-needle aspiration biopsy (FNAB) for the management of suspected lesions (29) .
In this study, we aimed to retrospectively determine the occurrence of thyroid nodules and thyroid carcinoma after fractionated TBI preceding HSCT for childhood malignant hematological disease (CMHD).
Patients and methods
All patients who had undergone TBI as part of a conditioning regimen before HSCT for a CMHD in our department, before the age of 18 years between 1989 and 2009, were studied. These patients (nZ103) included 95 survivors, 19 of whom were lost to follow-up (nZ9) or not screened by thyroid ultrasound scan (nZ10). The clinical characteristics of the participants (nZ76, 80% of the initial cohort) and nonparticipants (nZ19) are presented in Table 1 . The study population was representative of the entire population treated by TBI for CMHD during childhood, as shown by the distributions of sex and type of cancer, median age at TBI and HSCT, age at hematological disease diagnosis, number of remissions before HSCT, presence of graft vs host disease (GVHD), and/or additional cranial irradiation performed at any time before TBI.
Participants were followed for a median interval of 5.1 (2.5-9.5) years after TBI and HSCT. Pediatricians did not follow a study protocol for thyroid ultrasound assessment. Thyroid ultrasound scans and thyroid function assessments were, therefore, performed at various times during follow-up and/or at the time of the study.
Subclinical peripheral compensated hypothyroidism was defined as serum TSH concentrations O5 mIU/l (the upper limit of our reference range), up to a conventional limit of 10 mIU/l, with serum-free thyroxine (FT 4 ) concentrations within our reference range (11-21 pmol/l). Overt peripheral hypothyroidism was defined as a serum TSH concentration O10 mIU/l and central hypothyroidism was defined as a serum FT 4 concentration %10 pmol/l, with normal TSH levels.
The study was approved by the Institutional Review Board of our faculty. Informed consent for the evaluations and treatments was obtained from the subjects or their parents.
Methods
All patients received 12 Gy fractionated TBI using the protocol (six fractions of 2 Gy for three consecutive days). Sex, primary disease, age at primary disease and at HSCT, the occurrence of both acute and chronic GVHD, the number of remissions before transplantation and previous cranial irradiation, if any, were recorded. Age at the time of the study was defined as the age at which the last ultrasound scan was performed or at which nodules were managed (biopsy and/or partial or total thyroidectomy according to the medical indication).
The results of thyroid ultrasound examination were recorded. The size, shape, echogenicity, and location of all solid nodules in the thyroid were recorded. We defined nodules as being R4 mm in diameter. All smaller nodules were considered to be micronodules. On this basis, patients were classified as having or not having nodules. If nodules were present, we also assessed the potential involvement of regional lymph nodes. When ultrasound scans revealed thyroid nodules O8 mm in diameter, depending on the ultrasound characteristics of these nodules (i.e. microcalcifications, hypoechogenicity, irregular margins, and intranodular vascularity), a FNAB was performed (30) . Surgery was performed in cases of malignant lesions, noninformative FNAB, or patient preference due to the large size of a benign nodule. Regular ultrasound scans were recommended for patients with nodules %8 mm in diameter and for benign lesions assessed by FNAB or with nonsuspicious ultrasound characteristics. Histopathological diagnosis was reviewed on a case-by-case basis. Thyroid nodules were classified into two groups: benign and malignant. Based on the medical records, malignant nodules were classified as papillary carcinoma, or as a follicular variant of papillary carcinoma when characteristics of nuclear changes in papillary carcinoma were described. Serum TSH and FT 4 concentrations were determined by immunochemiluminescence using a Centaur CP, Siemens.
Statistical analysis
Results are expressed as numerical values (percentages) for categorical variables and as medians (25th-75th percentile) for continuous variables. The characteristics of different groups of patients were compared using c 2 -tests or Fisher's exact tests for categorical variables and Wilcoxon tests for continuous variables. Cumulative incidence estimates of thyroid nodules (benign and malignant) were calculated from the time from TBI to the diagnosis of thyroid nodules. Death and absence of ultrasound scans during follow-up were treated as competing events, with times calculated from the time from TBI to the date of death and to the date of last contact respectively. Data were censored at the date of the last ultrasound scan (31) . The variables associated with nodule occurrence were analyzed with the regression model for subdistributions of competing risks developed by Fine and Gray (32) . The following variables were studied: age at TBI, ALL vs other types of cancer, GVHD, cranial irradiation, and hypothyroidism. All tests were two-tailed with P!0.05 considered as significant. Statistical analyses were performed using the SAS 9.1 (SAS, Inc., Cary, NC, USA) and S-PLUS 6.2, Insightful Corp Software packages for PC.
Results
The cumulative incidence of thyroid nodule occurrence increased with increasing time from diagnosis and was at 5% (95% confidence interval (CI) 0-11%) and 24% (95% CI 11-37%) 5 and 10 years after TBI respectively ( Fig. 1 ).
Ultrasound findings
At least one nodule (R4 mm) was found in 21 (28%) patients. The nodules were either single (nZ11 patients) or multiple (nZ10 patients), with two (nZ5), three (nZ3), or five (nZ2) nodules per patient. They were located either on the left (nZ7 patients) or right (nZ6 patients) thyroid lobe. The nodules were bilateral in eight (38%) of the 21 patients. Nodule diameter ranged from 6 to 40 mm, with a median value of 13.7 (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) mm.
The characteristics of the 76 patients at the time of the study are given as a function of ultrasound findings, according to the presence or absence of thyroid nodules ( Table 2) . Patients with nodules were significantly younger at the time of TBI (6.7 (4.6-8.5) vs 9.0 (5.9-12.3) years, PZ0.04) and were older at the time of last ultrasound (17.1 (14-19) vs 13 (10.3-16.6), PZ0.005), resulting in a longer period of follow-up (9.9 (8.7-11) vs 3.6 (2.1-6.5), P!0.001) than patients without nodules. Thirteen of the 21 patients with nodules had a previous ultrasound examination at a median of 3 (3-6.7) years before the last scan. On these previous scans, eight patients had no nodules and three had micronodules (Fig. 2) . The proportion of patients with thyroid dysfunction at the time of ultrasound examination who had previously received cranial irradiation, were in remission at the time of TBI, or developed GVHD (either acute or chronic) was similar for patients with and without nodules.
Histology findings
Nodules were either benign (nZ15, 71%) or malignant (nZ6, 29%). The cumulative incidence of benign and malignant nodules was 16% (95% CI 4-27%) and 8% (95% CI 0-16%) respectively, 10 years after TBI (Fig. 3) .
The characteristics of the patients diagnosed with benign or malignant thyroid nodules are indicated in Table 3 . Patients with malignant nodules were slightly younger at the time of TBI, but the median time from TBI to nodule detection was similar in patients with benign and malignant thyroid nodules 3) years). However, nodules were significantly larger in patients with malignant thyroid disease than in those with benign thyroid disease, with a median diameter of 25 (20-30) vs 10 (7-28) mm respectively, PZ0.01 (Fig. 2) . No significant independent risk factors were identified by the multivariable competing risk model as a function of nodule occurrence. However, age at TBI and having hypothyroidism (compensated in all patients with nodules) were weakly associated with the cumulative incidence of developing subsequent nodules, with a subhazard ratio of 0.91 (95% CI 0.80-1.02), PZ0.12 and 2.78 (95% CI 0.86-9.03), PZ0.09 respectively. Table 4 shows the characteristics of the six patients (three males and three females) with thyroid carcinoma. The time from TBI to nodule detection ranged from 2.2 to 15.3 years. Patients had either isolated (nZ4) or multiple nodules (nZ2, patients 5 and 6). In patients with multiple nodules, these nodules were found on one lobe (nZ1) or on one lobe and isthmus (nZ1). Histological analysis classified these tumors as follows: four papillary carcinomas and two follicular variants of papillary carcinomas. Bilateral lymph node metastasis was found in one patient with papillary carcinoma (patient 1). The limits of the tumor in one of the patients (patient 6) reached the borders of the thyroid gland, without vascular involvement. In these two patients (patients 1 and 6), carcinoma was diagnosed 3.6 and 9.2 years after irradiation respectively. No systemic metastasis was observed in any of these patients. Thyroid function was normal for all but one patient who presented with peripheral subclinical compensated hypothyroidism. Total thyroidectomy was performed in all patients, with additional 131 I treatment in two cases due to bilateral cervical lymph node involvement and residual nontumoral thyroid tissue, in patients 1 and 2 respectively. All patients achieved disease-free status.
Discussion
The results of this study extend our knowledge of the high frequency of thyroid nodules and carcinomas among adolescents and young adult patients who received TBI as part of conditioning regimens for HSCT to treat malignant hematological disease during childhood. The cumulative incidence of nodule occurrence increased with increasing time from diagnosis. Estimates of the prevalence of thyroid nodules in the general population of children depend on the method of detection and range from 1% for detection by palpation to 3% for detection using ultrasound scans. This prevalence increases with age, particularly during puberty and adulthood, reaching about 20% in midlife in countries with no marked iodine deficiency (30, 33) . Thyroid nodules are less common in children than in adults, but the risk of malignancy is much higher in children, with an estimation of 10-25% of thyroid nodules being malignant vs only 5% in adults. Differentiated thyroid carcinoma is a rare disorder in children, accounting for up to 3% of all children with cancer, with an annual incidence of 0.5-1/million children (34) . The sex ratio is close to 1 before puberty, but a female preponderance is observed later in life (35) . Most of the cancers observed are papillary carcinoma and its follicular variants, with no observed systemic metastasis and the probability of developing metastatic disease is small in these patients. Exposure to low-dose ionizing irradiation of the head and neck has been shown to be associated with an increase in the incidence of thyroid nodules and carcinoma during childhood (11, 13, 16) . However, the level of excess risk remains unclear, as not all the population systematically underwent ultrasound screening and some were not screened at all. In this study, patients were followed for a median of 5.1 years after TBI, and thyroid nodules, detected during screening by ultrasound scan, were observed in 21 (28%) of the 76 patients. The median interval between fractionated TBI (1200 cGy) and nodule detection was 9.9 years. Six (29%) of the 21 patients with nodules were diagnosed with thyroid carcinoma, corresponding to an incidence of 8% for thyroid cancer in the studied population, a figure much higher than that in the general French population of similar age (36) and than that of the recurrence of malignant disease after leukemia, lymphoma, or other cancers have been cured in childhood (19, 37) , even though studies evaluating the incidence of a second tumor have highlighted the relationship between the development of a second cancer in the thyroid and exposure to radiation (38) . The role of irradiation in causing thyroid nodules, carcinomas, and thyroid dysfunction has been clearly demonstrated in Hodgkin's disease patients undergoing cervical irradiation (39) . However, studies on the effects of TBI preceding HSCT have mostly been limited to thyroid dysfunction. They have shown overt or, more frequently, subclinical hypothyroidism in 10-60% of patients, with a single dose more deleterious than a fractionated dose (25, 26, 27, 40, 41, 42, 43) . Consistent with most previous studies, peripheral subclinical hypothyroidism was found in 12 (16%) patients in our studied population and was transient in five of these patients. The role of chronic hyperstimulation of the thyroid gland due to subclinical hypothyroidism in increasing the risk of thyroid nodule and carcinoma onset and/or progression and the need for L-T 4 therapy in patients with this biochemical condition, which, as shown here, is often transient, remain a matter of debate (44, 45, 46, 47) . Prospective studies on a larger number of children are required to further clarify whether chronic subclinical hypothyroidism in this population is associated with relevant abnormalities that may require L-T 4 treatment.
Data on the development of thyroid carcinoma after TBI are scarce, as cohorts of patients are not systematically screened by ultrasound scans followed by FNBA and published studies have essentially concerned case series or case reports. A large follow-up study on 3182 patients receiving TBI before bone marrow transplantation for acute leukemia diagnosed before the age of 17 years reported that five patients had thyroid carcinoma, but no systematic ultrasound monitoring was performed during the median follow-up period of 3.6 (1-20.7) years (48) . Thyroid carcinoma has been sporadically reported after latency periods of between 5 years and up to 15 or 30 years after exposure, depending on the study (4, 49, 50) . With the increasing use of ultrasound scans and FNAB, thyroid carcinoma tends to be diagnosed very accurately at early stages (51) . Only two other retrospective studies reported the results of ultrasound examinations for the detection of thyroid nodules and/or carcinoma during the follow-up of patients receiving TBI as part of conditioning regimens for HSCT during childhood (22, 24) . One of these studies on 42 patients surviving for at least 10 years after TBI, in which earlier effects were not investigated, showed that nodules were present in 60% of the patients and that thyroid carcinoma occurred in six (25%) of the 24 patients with nodules after a median of 12 years of follow-up (22) , consistent with the diagnosis of thyroid carcinoma for 29% of the nodules in our study. The relatively high incidence of thyroid nodules, at 60% in this study, may reflect the longer period of follow-up after irradiation and/or the lower dose of irradiation used for TBI. In the group of 24 patients with nodules, 20 belonged to the subgroup of 25 patients who had received 990 cGy, whereas only four patients belonged to the group of 17 patients Table 4 Characteristics of patients with malignant nodules. All patients had acute lymphoblastic leukemia. treated with 1200 cGy. The other study focused on patients with thyroid carcinoma only, which was found in eight (7%) of the 113 patients investigated with a median of 8.5 years (range: 3.1-15.7) after TBI (24) . This frequency was similar to the 8% reported here for thyroid carcinoma, with a similar follow-up period. Histological diagnosis, with a preponderance of papillary and follicular-type carcinoma, was also similar between the two studies. As in our study, neither young age at irradiation nor any of the other factors studied were found to be a significant risk factor for the development of thyroid carcinoma, probably because of the limited number of patients studied. It is also unclear what proportion of thyroid nodules, including thyroid carcinoma, would have become clinically overt if not identified by ultrasound screening. However, the excess risk of radiation-related nodules may be overestimated due to an early detection bias as a result of ultrasound screening, given that thyroid nodules are found in a large proportion of the general population on autopsy.
In this study, we were able to document thyroid ultrasound screening for thyroid nodules in 80% of a well-defined population exposed to TBI during childhood. Despite the relatively small size of the study population, which was nevertheless the largest series investigated to date, thyroid nodules and carcinomas were found in a significant proportion of this population. The main limitation of our study was the observational nature of retrospective data collection. We did not document longitudinal changes in the thyroid tissue in most patients, but the relative difference in size between benign and malignant nodules found here may reflect the known tendency of thyroid cancers to grow rapidly in patients at these ages (52) . Moreover, we cannot rule out the possibility that patients who were not carefully followed by regular ultrasound scans had presented thyroid nodules and/or carcinoma sooner after TBI, as a thyroid carcinoma nodule was diagnosed as early as 2.2 years after TBI in one of our patients. Thus, the incidence of thyroid nodules may be underestimated due to the absence of standardized follow-up.
In conclusion, these results have important clinical implications. They highlight the need for thyroid function investigations and ultrasound scans followed by FNAB of thyroid nodules when required, every 1-3 years, depending on the presence or absence of thyroid dysfunction, small nodules, and duration of follow-up. This screening should begin at the time of TBI, to provide baseline information, and extend over a followup period of at least 30 years, to facilitate the detection of microcarcinomas that have a more favorable prognosis than larger tumors (53) . However, evidencebased rational strategies concerning the duration of follow-up, the time interval between screening events by ultrasound scan, and thyroid function assessments detecting even subtle thyroid dysfunction and treatment are lacking, and little is known about risk/benefit ratio for health outcomes. Additional, prospective, population-based studies on larger groups of patients should be carried out in the future, together with investigations of the unknown potential risk of thyroid carcinoma and its aggressiveness in patients with nodules.
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